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CHAPTER 1. GENERAL INTRODUCTION 
Thesis Organization 
The thesis is organized into general introduction section, one paper drafted for 
submission to an appropriate journal, and a general conclusion chapter. The general 
introduction contains a brief introduction of the topic, a statement regarding the organization 
of the thesis, and a review of literature. The journal paper contains material on the quality 
parameters and the methods used for their determination. The general conclusion chapter 
provides a review and discussion of effects of high temperature drying air on the various 
quality parameters of corn. 
Introduction 
A lot of work has been done in the field of grain drying. Heated air-drying is largely 
practiced throughout the world. Drying air temperature affects the corn kernels and can 
increase the stress cracks and, in turn, increase breakage susceptibility. The stress cracks 
appear either at the time of harvesting at low moisture content or due to exposure of corn 
kernels to high air temperatures followed by rapid cooling. Both factors are of importance in 
the export market as the value of corn can decreased with the increased BCFM (BCFM is 
defined as broken kernels and fine material that will pass through a screen with 4.76-mm 
(12/64-in) round holes plus material other than corn remaining in the sieved sample). The 
higher the breakage susceptibility, the higher the BCFM. Broken corn kernels have a 
negative economic effect due to loss of market value, and increased susceptibility to 
microbial damage. The drying temperature also affects intrinsic properties of corn such 
as starch recoverability resulting in loss of value for wet milling. The color of the corn 
kernels can be changed due to high temperature. 
The objective of this study was to investigate the effects of high-temperature drying 
air on various quality parameters of corn. The goal was to be able to conclude from the 
results if the quality of the samples is high enough so that it is feasible to proceed with the 
development of ahigh-temperature (more than 170C) air dryer. 
Literature Review 
Determining grain quality has been a difficult problem over the years with various 
standards and measurements used to define quality parameters. This literature review 
attempts to discuss the various quality parameters that determine the grain quality. Maximum 
drying air temperatures used in the some of the studies over the years are summarized in 
Table 1.2. 
Official Standards 
The United States Department of Agriculture (USDA) has established standards for 
defining grain quality. The USDA grading policies determine the federal standard for grain 
quality in the United States grain trade. The original legislation creating standards for grading 
appeared in the U. S. Grain Standards Act passed by Congress in 1916 (Uhrig, 1968). The 
grain-grading standards are maintained by the USDA and are updated periodically to reflect 
the needs of the grain industry. However, changes have been minor, and the overall standard 
remains much the same as it was in 1916. The current grading standard for corn is 
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summarized in Table 1.1 and includes requirements for test weight, heat damaged 
kernels, total damaged kernels, and BCFM (USDA, 1996). Heat damaged kernels are the 
kernels which are materially discolored by excessive reparation. The heat damage due to 
respiration causes the discoloration of the kernel, which originates from the germ area and 
continues through the sides and back of the kernel. Heat damage from the drier is different 
from the heat damage due to respiration. If the kernels of the corn are puffed or swollen, 
materially discolored, wrinkled, blistered, and often have damaged germ then it is referred to 
as heat damage due to drier (USDA, 2002). 

















U.S. No.l 56.0 0.1 3.0 2.0 
U.S. No.2 54.0 0.2 5.0 3.0 
U.S. No.3 52.0 0.5 7.0 4.0 
U.S. No.4 49.0 1.0 10.0 5.0 
U.S. No.S 46.0 3.0 1 S.0 7.0 
U.S. Sample grade is that: 
(a) Does not meet the requirements for the U.S. Nos. 1,2,3,4,5; or 
(b) Contains stones with an aggregate weight in excess of 0.1 percent of the sample weight, 2 or more pieces of 
glass, 3 or more crotalaria seeds, 2 or more substances) or a commonly recognized harmful or toxic 
substances(s), 8 or more cockleburs, or similar seeds singly or combination , or animal filth in excess of .2 
percent in 1000 grams; or 
(c) Has a musty, sour or commercially objectionable foreign odor; or 
(d) Is heating or otherwise of distinctly low quality. 
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Grain Kernel Temperature 
Grain kernel temperature is defined as the temperature that the kernel surface reaches 
as it passes through a grain dryer (USDA, 2002). High grain kernel temperature can be 
detrimental to the quality characteristics of corn. High kernel temperatures increase the 
amount of stress cracking and breakage susceptibility of corn (Maier and Bakker-Arkema, 
2002). 
Effect of different drying parameters on corn quality 
Intrinsic Corn Quality 
Brown et al. (1981) studied the suitability of artificially dried corn for wet milling and 
concluded that the susceptibility of corn to drying damage increases with corn moisture 
content at exposure. High temperature drying also reduced the millability of corn irrespective 
of the moisture content at the time of exposure (Millability is defined as quantity and quality 
of the recoverable components as well as the relative difficulty encountered in component 
separation during wet milling of corn). They recommend that corn harvested at moisture 
contents above 25% (all moistures are percentage wet basis) should not be dried at a high 
temperature (103C) and instead 60C or less is best. Maximum air drying temperature used in 
this study has been referred to in Table 1.2. 
Wight (1981) studied the wet-milling properties of various corn cultivars after 
artificial drying at elevated air temperatures of 90C to 100C. Drying times were chosen to 
give final moisture contents of approximately 14%. The starch yield was measured by using 
the procedure of Watson et al. (1955, 1962). Drying at 100C and moisture levels above 30% 
caused a drop in starch yield in all cultivars relative to those dried at 30C. Starch yield also 
5 
increased with decreasing moisture levels from 30% to below 25% at 100C. There was 
not much variation in the protein content of the starch fractions between any of the cultivars 
or any of the drying conditions used. 
Seyedin et al. (1984) studied the effects of drying temperatures on corn seed quality 
and found that corn dried at S OC (air temperature) leached more sugars into water than when 
dried at 35C. They suggested that this could be due to the hydrolysis of starch in the 
embryonic axis of the seed during the early stages of the drying process. They also observed 
that the shoot and root dry weights and percentage germination were significantly reduced in 
seedlings harvested with 47% moisture and dried at SOC compared to those dried at 35C. The 
SOC drying reduced starch grains in the embryonic axis. The hydrolysis of starch in the 
embryonic axis at high temperatures is most likely an enzymatic process, which can be 
stopped by loss of moisture. The high drying temperature may also result in increased 
membrane permeability and increased leaching of sugars and electrolytes from seed dried at 
SOC and may be indicative of membrane injury. They thus concluded that high drying 
temperatures (more than 170C) reduce the ability of seeds to germinate and seedling vigor. 
Weller et al. (1988) found that starch recovery differences among different maize 
hybrids were not very different although the recovery did decrease with increased harvest 
moisture and drying air temperature. With increased moisture content, starch recovery 
decreased from 97.7 to 96.0%. With a gradual increase in air temperature from 22C to 93C, 
starch recovery decreased from 99.0 to 92.4%. Based on regression analysis between starch 
recovery and various quality factor measurements, starch recovery of yellow dent corn was a 
function of starch content, test weight and ethanol-soluble proteins. Vonjnovich et al. (1975) 
studied the wet-milling properties of corn after field shelling and artificial drying. They 
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concluded that extreme artificial air drying (149C (300F)) of corn is detrimental to its 
wet milling as it reduces the yield of starch and oil, raises the protein content of the starch, 
and changes the paste viscosity characteristics of the starch. 
Mistry et al. (1993) dried maize at high temperature and high humidity, and they saw 
no significant differences in wet-milling characteristics of this maize and the maize dried 
under ambient conditions. The samples were dried using the procedure and equipment 
developed by Estrada (1991). Raising the temperature of drying air to 93C at 1 % RH yielded 
less starch than corn dried at 93C and 80% RH. They did not see any differences in the 
protein contents of the starch fractions. The Brabender viscosity characteristics for maize 
dried at higher temperatures were different from those dried at ambient temperatures. Their 
conclusion from the study was that high humidity drying of maize causes more shear 
thinning than does ambient drying. 
Hellevang et al. (1996) used different kinds of column and bin dryers for drying to 
test corn quality for wet milling. The results showed that the kernel temperature should not 
exceed 60C. At temperatures exceeding about 60C (Table 1.2) milling efficiency was 
reduced due to starch gelatinization, protein denaturation and germ damage. They also found 
that corn varieties that have low breakage susceptibility showed better milling results. 
Singh et al. (1998) observed significant differences among the wet-milling 
characteristics of various maize hybrids as a result of different drying air temperatures and 
harvest moisture contents. Drying maize hybrids harvested at higher moisture levels (33 to 
35%) at 1 lOC (air temperature) produced lower starch yields (50 to 60% as compared to 58 
to 67%) than drying the same hybrids harvested at lower moisture contents (21 to 22%) and 
at 110C. Drying of samples was done in a laboratory dryer (Gunasekaran et al. 1985) with 
fixed airflow rate of 2.0 m3/min per m3 of maize. Drying air at 80C produced varied 
results depending on the harvest moisture level with low moisture showing decreased starch 
yield while high moisture showed mixed results. 
Extrinsic Corn Quality 
Brown et al. (1979) used three different methods to dry corn at different moisture 
contents and measured test weight, viability, kernel cracking and steeping index. Low- 
temperature drying resulted in high steeping index, high test weight and negligible kernel 
cracking. Viability was most preserved with drying air temperatures of 60C (Tablel.2) or 
lower. Batch drying resulted in kernel cracking at all drying temperatures. Dryeration was 
better than the normal high-temperature batch-drying method with regard to the steeping 
performance and test weight of the dried grains. 
McKenzie et al. (1980) conducted a study on dryeration and bin-cooling systems for 
corn. Dryeration is a sequence of high-speed high air temperature (60C, table 1.2) drying 
followed by tempering and then slow cooling. Dryeration and bin cooling resulted in reduced 
stress cracks (7.6%) as compared to conventional drying (43.6%). Breakage was also reduced 
from 11.3 to 6.7%. Dryeration reduced dust problems normally associated with the fast-dried 
corn. 
Herter et al. (1989) studied the changes produced in the quality of corn seeds due to 
mechanical drying. No decline in standard germination was observed when ears from various 
inbred lines were dried for short periods at SOC (air temperature- Tablel.2) before reverting 
back to 35C (air temperature). But prolonged drying at SOC induced a linear drop in 
germination and in some cases damage continued to occur even in the final hours of drying. 
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The embryos showed little loss of moisture while seed moisture decreased linearly with 
drying time. Temperature was an important factor in drying injury. Shelled seed samples at 
35C dried more rapidly than did ear samples at SOC and the 35C treatment affected 
germination as well. Varying the relative humidities (20 to 60%) while keeping the 
temperature constant at SOC revealed that drying damage was slower at 60% RH but did not 
eliminate damage while the drying rate was the same as at 35C. This indicated that both 
temperature and drying rate are important factors in drying injury. They also saw that 
embryos germinated well after being dried at 22 to SOC even with very high drying rates. 
When the same embryos were subjected to cold tests, embryo death ensued indicating that 
imbibitional chilling had increased. 
Wu et al. (1997) studied the effects of maize hybrid and meal-drying conditions on 
the yield and quality of extracted zein by subjecting Corn Gluten Meal (CGM) produced 
from two maize hybrids to five different treatments. CGM having higher protein content 
yielded more zein with higher recovery and purity of protein. Increasing the drying air 
temperature from 50 to 150C decreased protein yield and protein recovery. Protein purity 
also decreased by 3.1 to 5.2 percentage points as the temperature increased from 50 to 150C. 
The method of drying also affected the yield, purity and recovery with oven drying being the 
best in this regard as compared to freeze or spray-drying. These effects have been explained 
as being due to changes produced in protein during drying. Proteins from the CGM treated 
with low temperatures (SOC) or for shorter times had less deamidated proteins. Deamidation 
is a common post-translational modification resulting in the conversion of an asparagine 
residue to a mixture of isoaspartate and aspartate. It has been postulated that deamidation 
may provide a signal for protein degradation thereby regulating intracellular levels. Another 
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possible explanation for this could be the aggregation of proteins through non-covalent 
bonds, which decreases the extractability of a-zein. 
Somchart et al. (1997a & b) conducted a study of a batch-type fluidized-bed dryer for 
corn drying in Thailand. Fluidized beds are widely used, as the rates of heat and mass 
transfer are high (Nonhebel et al., 1971), consequently the drying time is short. Moreover, 
the isothermal-bed yields a desired product quality and makes a continuous dryer ease to be 
controlled. The disadvantage is the high air velocity which considerably decreases the 
efficiency of the dryer. So, it may not be economically viable for certain locations. 
The objective of the current research was to investigate drying characteristics of corn 
in a small batch fluidized-bed dryer. The drying air temperature ranged from 120 to 200C. 
Superficial velocity ranged from 2.2 to 4.0 m/s with a bed depth of 4 to 12 cm. The 
experiments were carried out on corn samples ranging from 31 to 18.7% moisture. The 
results showed that the superficial air velocity at minimum fluidizing conditions was 
independent of pressure drop but increased with the increase in moisture content. The study 
showed that drying rate increased with increased inlet air temperature. This can be explained 
by the fact that moisture diffusion in corn kernel becomes greater with higher grain 
temperature which results from higher transfer rate between corn kernels and drying air 
(Hustrulid et al. 1959; Husain 1970). It was found that the relative humidity when varied 
from 9% to 12% did not affect the drying rate. 
A new parameter was introduced in this study called specific airflow rate. The 
specific airflow rate is defined as the ratio of mass flow rate to dry corn mass. It was found 
that the moisture content (13.8%) of corn was more rapidly reduced at higher specific airflow 
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rates than at lower specific airflow rates as the humidity of drying air at shallower bed 
depths was relatively lower than that at deeper bed depths. 
Many drying rate equations were discussed and the V~ang and Singh equation was 
found to explain the results of the experiment. The specific airflow rate and inlet hot air 
temperature affected drying rate of corn. There was no constant drying rate period and 
mechanism of moisture movement inside the corn kernel was controlled by internal 
diffusion. 
Corn quality in terms of stress cracks, breakage susceptibility and color after drying 
by fluidization technique was investigated. Experimental results showed that no stress cracks 
were induced until the drying air temperatures reached 170C with inlet air humidity less than 
5 %. It was found that stress cracks increased with increasing drying air temperature and 
decreasing moisture content. Increasing the drying air temperatures to 200C caused stress 
cracks to start quickly (about 2 to 4 minutes after drying). The breakage susceptibility of corn 
increases with increases in stress cracks. So if the corn with higher breakage susceptibility is 
handled for `x' number of times the chances of a higher quantity of BCFM will be more than 
the corn which has lower breakage susceptibility which would lower the grade of corn 
according to USDA standards. So we can conclude that for higher grades of corn (in terms of 
BCFM) the stress cracks have to be minimized. 
Similar results were found for breakagibility. Breakagibility is determined by the time 
in which all the corn kernels are broken during a drying process at a given air temperature. 
Higher the time taken by the corn sample to be fully broken lower is the breakageability. It 
was also found that at drying air temperatures of around 170C there was no breakage of corn 
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kernels and the breakage started after 2 to 4 min when the temperature was raised to 
200C. The corn was fully broken after 1 S min of drying. 
The change in color was studied by use of a Hunter colorimeter. At drying air 
temperatures of 1 SO and 170C, `a' and `b' values changed slowly, a increased but `b' 
decreased with time. It was discovered that `a' and `b' values changed quite rapidly with time 
at the temperature of 2000. It was found that `a' increased but `b' decreased with time. This 
shows that there was more browning of grain at higher temperature (200C) as compared to 
browning at lower temperatures. 
Montross et al. (1999) measured the moisture content variation and grain quality of 
corn dried in three commercial dryer types (counter flow, cross flow and mixed flow). The 
air temperature range for the cross-flow dryer was around 90C, for counter flow it ranged 
from 1 SO to 290C. They concluded that the individual kernel moisture content of corn 
entering and exiting the dryer could vary by up to 30 %. High air-temperature (290C) dried 
corn had a standard deviation of 3-5% in kernel moisture content but this value decreased to 
1 % within days and did not change upon further storage. They did not find any significant 
effect of dryer type on the variability of moisture content in dried corn. Concurrent flow 
dryers resulted in the fewest of stress cracks on the corn while the highest percentage of 
cracks was found in corn dried in cross-flow dryers. Dryer type had a much greater effect on 
the percentage of stress-cracked kernels and stress crack index than the drying air 
temperature. 
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Table 1.2 Maximum air drying temperature 
Corn Use Max. air drying temp Reference Corn or Air 
Wet milling 80 — 100C (176 — 212F) Brown et al. (1981) Air 
60C (140F) Hellevang (1996) Corn 
60C (140F) McKenzie, et al. (1980) Corn 
Germination 60C (140F) Brown (1979) Air 
SOC (122F) if prolonged Herter and Burns (1989) +Air 
49C (120F) Hellevang (1994) Corn 
13 
References 
Brown, R.B., Fulford, G.N., Daynard, T.B., Meiering, A.G., Otten, L. 1981. Nate on the 
suitability of wet milling of corn exposed to high drying temperatures at different 
moisture contents. Cereal Chem 58: 75-76. 
Brown, R.B., G.N. Fulford, T.B. Daynard, A.G. Meiering, L. Otten, 1979. Effect of drying 
method on grain carn quality. Cereal Chem 56: 529-532. 
Estrada, J.A. 1991. Thin layer drying of yellow dent maize and high temperature and high 
humidity conditions. MS thesis. University of Illinois: Urbana-Champaign. 
Gunasekaran, S., Paulsen, M.R. 1985. Breakage resistance of corn as function of drying 
rates. Trans of ASAE 28: 2071-2076. 
Hellevang, K. J. 1994. Grain drying -Energy, quality, ire, moisture and fans -maintaining 
quality during drying. North Dakota State University Extension Service. Internet-site: 
http://~~~~~v.ext.nodak.edu/extpubs/plal~tsci/s~ngraillsiae701-3.11tm Accessed 9 July 
2002. 
Hellevang, K. J., W. F. Wilcke, 1996. Maintaining corn quality for wet milling. North 
Dakota State University Extension Service. Internet-site: 
http://www.ext.nodak.edu/extpubs/plantsci/rowcrops/ael 119w.htm Accessed 23 July 
2 002 . 
Herter, U., and J.S. Burris, 1989. Effect of drying rate and temperature on drying injury of 
corn seed. Canadian Journal of Plant Science 69: 763-774. 
Husain, A. C., Chen, C.S. and J.T., Clayton, 1970. Coupled heat and moisture diffusion in 
porous food products, ASAE 70: 833, ASAE St. Joseph, MI. 
14 
Hustrulid, A. Flikke, A.M., 1959. Theoretical drying curve for shelled corn, Trans of 
ASAE 2 : 112-114. 
McKenzie, B. A., G. H. Foster, and S.S. DeForest, 1980. Dryeration and bin cooling systems 
for grain. AE-107. Cooperative Extension Service -Purdue University. Internet site: 
http://~~~~~v,agcom.Purdue.edu/AgCom/Pubs/AE/AE-107.1~tml Accessed 10 July 
2002. 
Maier, Dirk and Bakker-arkema, Fred. 2002. Grain drying systems in proceedings of LEAPS 
Facility Design Conference, July 28-31 LEAPS Minneapolis, l~'IN. 
Mistry, A.H., Xutian, Wu, Eckhoff, S.R. and Litchfield, J.B. 1993. American Association of 
Cereal Chem 70: 3 60-3 61. 
Montross, M.D., Bakker-Arkema, F.W., Hines, R.E. 1999. Moisture content variation and 
grain quality of corn dried in different high temperature dryers. Trans of ASAE, 42: 
427-433. 
Nonhebel, G. and Moss, A.A.H., 1971. Drying of solids in chemical industry, Butter Worth, 
London. 
Seyedin, N., Burris, J.S. and Flynn, T.E. 1984. Physiological studies on the effects of drying 
temperatures on the corn seed quality. Can J. Plant Sci 64: 497-504. 
Singh, V, Harken, E., Paulsen, M.R., Eckhoff, S.R. 1998 Starch yield sensitivity of maize 
hybrids to drying temperature and harvest moisture content. Starch 5 : 181-183. 
Somchart, S., Anan, P. and Somkiat, P. Paper 1. 1997a Drying characteristics of corn in 
fluidized bed dryer. Drying Technology 15: 1603-1611. 
Somchart, S., Anan, P. and Somkiat, P. Paper 2. 1997b Corn quality after drying by 
fluidization technique at high temperature. Drying Technology 1 S : 2577-25 86. 
15 
Uhrig, J.W. 1968. Economic losses of damaged grain. ASAE Grain Damage 
Symposium. Agricultural Engineering Department, Iowa State University, Ames 
Iowa. 
USDA, 1996. United States standards for corn. 
~~T`~~~T usda. ;ov/reference-library/standardsl810cori~.pdf. Accessed November 18, 
2002. 
USDA, 2002. Iowa Corn -related links -government -Iowa Agricultural Statistics Service. 
http://w~~~~T.nass.usda.gov/ia1. Accessed S July 2002. 
USDA, 2002. Corn visual references- heat damage (drier), heat damage (yellow). 
http:/%vvwvv.~usda.gov/gipsaltecll-se~-vsup/visualref/corn.htm.. Accessed July 3, 2003. 
Vonjovich, C., Anderson, R.A., and Griffin E. L., Jr. 1975. Wet-milling properties of corn 
after f eld shelling and artificial drying. Cereals Foods World 20: 333-361. 
Watson, S.A., E.H. Sanders, R.D. Wakely and C.B. Williams 1955. Peripheral cells of the 
endosperms of grain sorghum and corn and their influence on starch purification. 
Cereal Chem 32: 165-182. 
Watson, S.A., and Y. Hirata 1962. Some wet milling properties of artificially dried corn. 
Cereal Chem 3 9 : 3 5 -44. 
Weller, C.L., Paulsen, M.R., Steinberg, M.P., 1988. Correlation of starch recovery with 
assorted quality factors of four corn hybrids. Cereal Chem 65: 392-397. 
Wight, A.W., 1981. Changes in properties of some maize cultivars associated with artificial 
drying at elevated temperatures. Starch 33: 122-124. 
Wu, S., Myers, D.J., and Johnson, L.A. 1997. Effects of maize hybrid on yield and quality of 




EFFECTS OF HIGH TEMPERATURE DRYING AIR ON CORN QUALITY 
Gaurav Arora, Carl J. Bern, Steve Shivvers, Lloyd Lerew, and Theodore B. Bailey 
ABSTRACT 
The study was undertaken to quantify the effects of exposing corn to high 
temperature air on the physical and intrinsic properties of corn. The corn samples (19, 24 and 
27%) were dried with air at temperatures of 204, 260, and 316C. All combinations of 
temperatures and moistures were tested and replicated. The dried samples were tested for 
breakage susceptibility, stress cracks, test weight, damage kernel total, kernel density, starch 
recovery, starch gelatinization, wet milling, and color analysis. Test weight decreased with 
increased air temperature at constant moisture. Stress cracks decreased with increase in initial 
moisture content at constant drying air temperature. Breakage susceptibility decreased with 
an increase in drying air temperature. Starch recovery decreased with increased initial 
moisture content. 
INTRODUCTION 
Corn is grown in more countries than any other crop and is a major source of food for 
both humans and animals throughout the world. In the United States, corn production is more 
than double that of any other crop. The total production of corn in the United States in year 
2001 was 2.42 * 10g Mg (9.51 * 109 bu) (NASS, 2002). Corn is the most widely produced 
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feed grain in the United States, accounting for more than 90% of total value and 
production of feed grains. Almost 3.24 * 107 ha of land was planted to corn in 2000, with the 
majority of the crop grown in the Heartland region (USDA, 2002). 
In order to store corn for use over long periods of time, it needs to be dried to 
permissible moisture content. At higher moisture contents there is risk of deterioration due to 
microbial activity resulting in both quantitative and qualitative losses. Many studies have 
been done in the field of corn drying. Heated air-drying is one of the ways of drying corn, 
and is largely practiced throughout the world. Drying air temperature can affect both the 
intrinsic as well as extrinsic quality of corn. 
LITERATURE ~~EVIEW 
The effect of high drying air temperature on various quality parameters is dependent 
on the end-use. A few of these parameters are test weight, stress cracks, breakage 
susceptibility, color, millability, starch recoverability, and starch gelatinization. 
Stress Cracks 
Stress cracks are fine fissures in corn endosperm (Gunasekaran et al., 1985). 
Stress cracks originate at the center of the floury endosperm and propagate radially outward, 
toward the kernel periphery along the boundaries of starch granules. In general, the formation 
of stress cracks is associated with rapid drying of grain at high temperatures. When handled 
and transported, the kernels with stress cracks break more readily than sound kernels leading 
to considerable amounts of brokens and fines (Gunasekaran et al., 1985). The major cause of 
stress cracks is rapid drying of corn with high temperature followed by rapid cooling. It has 
also been established that the stress cracks increase with increased drying air temperature and 
decreased initial moisture content (Somchart et al., 1997b). Depending on the extent of stress 
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cracks, the stress-cracked kernels are categorized as single, double, and multiple 
(Gunasekaran et al., 1985). 
Excessive broken material, included as BCFM in the U.S. Grading Standards, 
reduces the market value of the corn. Therefore, evaluation of a corn lot for the presence of 
stress-cracked kernels would help assess its quality. Such an index of quality would be 
helpful in assessing not only the end-use value of the grain but also the drying method used 
and the appropriateness of subsequent handling procedures. Thompson et al. (1963) found 
that drying air temperatures between 60 and 115C induced stress cracks in the kernel 
endosperm that led to increased in breakage susceptibility as compared to ambient air-drying. 
Moreover, the susceptibility of hand-shelled corn to mechanical damage was found to 
approach that of the machine-harvested and machine-shelled corn at higher drying 
temperatures (115C). This implies that the susceptibility to mechanical damage caused by 
stress cracks during high-temperature drying is more important than those produced by 
mechanical damage during harvesting and shelling. 
To determine the stress cracks (White et al., 1982) a Boerner grain sampler is 
used to obtain a 90 to 100-kernel random sub-sample from each sample. Using alight-table, 
these kernels are further sub-divided on the basis of having none, one 2 or multiple stress 
cracks. The percentage of kernels falling into each category is then computed. 
Breakage Susceptibility 
Breakage susceptibility is defined as the potential for corn kernels to fracture 
when subjected to impact forces during handling and transport (AACC, 1983). Thus 
breakage susceptibility is a measure of brittleness in corn. Bilanski (1966) defined breakage 
susceptibility as the damage resistance of grain to impact forces. Mensah et al. (1981) 
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defined breakage susceptibility as a measure of shear strength or impact fracture 
resistance of kernels during impact. Several factors, such as grain moisture content, 
temperature, presence of stress-cracked kernels, kernel hardness, and corn genotype, are 
known to affect breakage susceptibility. Breakage susceptibility can be determined by 
performing the Stein breakage procedure (Gunasekaran et al., 1985) or by using a Wisconsin 
breakage tester (Lyon et al., 1988). 
Gunasekaran et al. (1985) reported that faster drying increased the percentage 
of stress-cracked kernels and breakage susceptibility. They also reported a decrease in 
average breakage strength of kernels drawn from samples with a higher percentage of stress-
cracked kernels. Thus, the direct effect of stress cracks on breakage susceptibility is well 
established. Since these categories represent how advanced the stresses and/or damages are, 
the breakage susceptibility of two samples with different proportions of single, double, and 
multiple categories but with the same total percentage of stress-cracked kernels will be 
different. As the broken corn percentage (BCFM) increases, the quality of corn goes down. 
BCFM is .defined as broken kernels and fine material that will pass through a screen with 
4.76 mm round holes plus material other than corn remaining in the sieved sample. The 
number of times the grain is handled after harvest is quite significant as it increases the 
BCFM. The grain with higher breakage susceptibility is likely to have more BCFM than the 
grain with lower breakage susceptibility. Hence, breakage susceptibility affects the amount 
of BCFM in the grain and its overall quality. 
Damage caused by artificial drying 
The major damage caused to corn by artificial drying is due to overheating of 
corn kernels. Heating over is defined as exposing the kernels to excessive air temperature 
20 
(170C) for long periods of time, which can lead to significant loss of quality of corn 
(Somchart et al., 1997a). Overheating makes the corn kernels brittle and induces stress 
cracks. It also discolors the kernels, which may occur due to certain chemical changes in the 
protein making the starch and gluten separation difficult in corn the wet-milling process. The 
most common problem that arises due to stress cracks is increased breakage susceptibility of 
the kernels. The major causes of stress cracks are drying air temperature and rate of drying. 
The stress cracks appear either at the time of harvesting at low moisture 
content or due to exposure of corn kernels to high air temperatures followed by rapid cooling. 
Both factors are of important in the export market as the value of corn can decrease with 
increased BCFM. The higher the breakage susceptibility, the higher will be the BCFM. 
Broken corn kernels have a negative economic effect due to loss of market value, increased 
susceptibility to microbial damage. An increase in drying air temperature (100C) and 
moisture content (25%) also decreases the recovery of starch from 99 to 92.4% (Brown et al. 
1981, resulting in loss of value for wet milling. Wight 1981 and Weller et al. 1988 have also 
showed similar results. The increase in temperature of drying air also decreases the oil 
recovery and changes the viscosity characteristics of starch (Vonjnovich et al. 1975). 
Relative humidity also plays an important role in quality of corn. If the corn is dried at the 
same temperatures but at different relative humidities, the drying damage will be slower at 
higher humidity (Herter and Burns 1989). 
From earlier studies it has been established that there is a profound effect of exposure 
of corn to high temperatures (heating air over 170C) for long periods of time, but, no one has 
reported the effect of high-temperature short-time drying on the quality of corn kernels. 
High-temperature short-time drying refers to drying where corn kernels are exposed to high 
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temperature drying air for a very short span of time. To quantify the effect of high 
temperatures, with short exposure time, on the quality of corn kernels, a study was 
conducted. In this study the high-temperature short-time drying was simulated, using the 
concept of concurrent-flow drying. In a concurrent-flow dryer the directions of flow of grain 
and air are same. The grain with highest moisture is exposed to the air at highest temperature 
and vice-versa. This concept was used to control the direct exposure time of the grain, which 
will be explained later in the test procedure. 
OBJECTIVES 
The main objective of this study was to determine the effects of short term exposure 
to drying air temperatures above 170C on the quality of dried corn. The parameters tested for 
determining the quality of corn were: Test weight, Stress cracks, Breakage susceptibility, 
Starch recovery, Damaged kernel total, Kernel density, Starch gelatini2ation, Color analysis. 
EXPERIMENTAL APPARATUS AND PROCEDURES 
The experimental apparatus that was required in this study was an air heater to supply 
the constant airflow for drying the corn. The following are the details of the equipment and 
the procedures used for conducting this study. 
Dryer
A high-temperature dryer was refurbished in the lab in order to conduct the tests. The 
line diagram of the dryer is shown in the Figure 2.1. The electric heating coils were hooked 
to a power supply with separate controls. Two coils had variable controls to regulate the 
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power supply. Air temperature was controlled by the variable controls. Following are the 
specifications of the dryer. 
Temperature range 24 to 316C (75 to 600F) 
Air flow range 0.00944 to 0.0567 m3is (20 to 120 cfm) 
Test Corn 
Three lots of Fontanelle 5051 corn were combine harvested at approximately 19, 24, 
27% (all moistures are %wet basis) moisture in October, 2001. Lots were cleaned using a 
Carter Day Dockage Tester by using a 4.76-mm (12/64-in) screen. The corn samples were 
held at 4.SC (40F) until the beginning of the experiment. Twenty-four h before the 
experiment, samples were transferred to a 1 OC (5 OF) chamber. 
Experimental Design 
An experimental design was setup, in order to completely randomize nine 
different treatments as shown in Table 2.1. The 'treatments were chosen to take into account 
all possible variations of moisture levels of the corn samples and the temperatures at which 
they were to be dried so that they gave the true representation of the sample. Three 
repetitions were made for each of the nine treatments, which were randomly chosen. Also a 
control sample was taken from each lot was dried at ambient air temperature to 1 S% 
moisture. 
Stack and Tray Size 
In order to simulate the concurrent-flow mode of drying, a stack was introduced. The 
stack consisted of 20 trays as shown in the Figure 2.2. Each tray was perforated with — cm 
diameter holes. The inside diameter of the tray was 25.40 cm. The average depth of tray was 
3.08 cm. The tray is shown in the Figure 2.1 c. 
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Test Procedure 
The concurrent flow mode of drying was achieved by stacking 20 trays on top of each 
other. The sample size chosen was 5 kg, which was further divided into 20 sub samples 
weighing 250g each. The purpose of choosing the sub sample weighing 250 g was so that the 
depth of corn kernels in the tray was 1.27 cm (1/2in). With twenty trays in a stack, the total 
simulated depth of corn kernels in a concurrent-flow mode of drying was 25.40 cm (10 in). 
The samples were numbered 1 through 20 and were cycled through trays 1 to 20 after 30s 
drying times starting from tray number 1 as shown in the figures 2.2. 
At the beginning of the experiment, the bottom tray of the stack was filled with one 
sub-sample (250g) and the rest of the empty 19 trays were kept above it. After an interval of 
30 s, the topmost tray of the stack was removed and filled with asub-sample (250 g) and 
moved to the bottom of the stack (Fig. 2.2). This is done until all the trays contain a sample. 
At this stage the first tray at the bottom of the stack at the beginning of the experiment 
reached the top of the stack. The sub-sample in this tray was removed and stored in the 
sealed plastic box, and the tray was filled with a dummy sub-sample and moved to the 
bottom of the stack. The dummy sample was a sample of the corn at the same moisture 
content. The purpose of introducing dummy samples is to maintain the uniformity to heated 
air exposure of the 20 sub-samples. After each interval of 30 s, the sub-sample was removed 
from the topmost tray and stored in a sealed plastic box, and the tray was filled with dummy 
sample and moved to the bottom of the stack. This was done until all 20 sub-samples are 
removed from the trays. These samples were then left for tempering for an hour in plastic 
boxes. After the tempering the sub-samples are then mixed together to form one sample. 
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Instrumentation
During the experiment, the exhaust air temperature, the inlet air temperature and the 
grain temperature were recorded regularly. The instrument used for determining air 
temperature was an Omega thermopile Model 199-JF-X-D-DSS, which was calibrated for a 
J-Type Iron-Constantin thermocouple. The grain temperature was measured by a Raytek 
infrared sensor gun (Model RAYNGER MX4T"'). The operator pointed the sensor gun to the 
grain surface immediately after it was removed from the dryer. The temperature sensor read 
the grain surface temperature. 
Airflow measurement 
The constant airflow of 4.248 m3/ (min * m2) was used for all the experiments. This 
airflow was chosen in order to simulate the airflow conditions in a proposed dryer to be 
developed. In order to get the true airflow at a constant temperature of 24C (70F) air flow 
correction factor was applied. The airflow was regulated and monitored by measuring 
pressure drop across the perforated screen under the stack. The corresponding airflow at a 
particular pressure drop was determined using shedd's curve (Appendix B). 
Response variables. 
1. Test weight (kg/m3). Test weight is one of the parameters used for defining the official 
grades of corn. Test weight was determined for all samples using a GAC 2000-grain 
analysis computer (Dickey john 2002). This instrument measured a standard volume 
sample (the hopper inside the GAC 2000 has a standard volume) and extrapolates the 
weight that maybe attained by one volume bushel, lb/bu which were converted to kg/m3. 
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2. Moisture content (%). Moisture content was determined by use of the GAC 2000 
model, and also by the oven-drying method. The oven-drying method uses 15 g 
(approximately) of corn sample in a 103C oven for 72 h (ASAE 1997). 
3. Stress Cracks (%). Presence of stress cracks were determined by placing the kernels on 
the slide projector and shining light through the kernel with the germ side toward the 
light source and visually inspecting corn kernels. The sample size chosen was 100 
kernels. Kernels were sorted in to following categories. (1) no cracks, (2) 1 crack, (3) 2 
cracks and, (4) more then 2 cracks. Stress crack damage was expressed in terms of the 
Stress Crack Index (Gunasekaran et. al., 1985). 
Stress crack index (SCI) is a measure of the severity of damage in the corn 
and was calculated as follows: 
SCI =Single + 3*Double + 5*Multiple 
Where single, double, and multiple are the number of kernels with single, 
double, and multiple cracks, respectively. 
4. Breakage Susceptibility (%). The Stein Breakage Test was performed on 100 g sub- 
samples using the standard procedure. In this procedure, a 100 g of sample is run in the 
Stein Breakage Tester. After 4 min, the sample was screened on a 4.76-mm (12/64-in) 
round hole tray. Fines generated by the Stein Breakage Tester are expressed as a 
percentage of the sub-sample weight (Gunasekaran et al. 1985). Since the breakage 
susceptibility is greatly affected by the moisture content, the breakage susceptibility value 
at final moisture content for each sample has been adjusted to a value, which would have 
occurred if the corn samples were dried to 15% moisture, using the following correction 
equation (Paulsen 1983). 
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DeltaBS = 8.4 - 0.98*MT + 0.028*MT2
DeltaBS = %breakage susceptibility correction to be subtracted. 
MT = %moisture at which breakage susceptibility test was conducted 
5. Starch Recovery and Extractable Starch. Starch recovery is defined as the percentage of 
starch that is recovered bywet-milling to the total starch present in the sample. The 100-g 
wet-milling procedure (Appendix E) was used to determine the effects of high 
temperatures on starch recovery and other quality parameters of corn (Eckhoff et al. 
1996). Before wet-milling, the sample was cleaned by using a Carter Day dockage tester 
equipped with a 4.76mm sieve to remove the BCFM. Moisture contents were measured 
by using a GAC 2000 and by the oven-drying method. The 3 samples from each of the 9 
treatments of repetition 2 were tested. 
6. Extractable Starch. Extractable starch is defined as amount of starch that can be 
recovered from the maize kernel by the wet-milling process. Extractable starch is 
influenced by variety, growing environment, and drying conditions. The samples were 
tested for extractable starch in grain quality lab in Department of Agricultural 
Engineering at University of Illinois-Urbana Champaign. The instrument used for 
determining the extractable starch is Foss Infratec 1229 NIR-T. This instrument is 
calibrated to estimate extractable starch in corn (Paulsen et al. 2003) The NIR-T (Near 
Infrared-Transmittance) is anon-destructive test that gives reproducible results. 
7. Damage Kernel Total (DKT). DKT is defined as the % by weight of kernels that are 
damaged due to excessive heat or weather damaged and frost damaged (USDA, 2002). 
There can be visual browning of the kernels due to overheating. Central Iowa Grain 
Inspection Service, Des Moines, IA, inspected the corn samples for DKT. Our main 
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concern was heat damage from drying air. USDA-certified inspectors conducted the 
DKT test. The inspectors have Interpretive Line Slides (ILS) as an aid to be consistent 
(AGCOM, 2002). 
8. Kernel Density (g/cm3). The NIR-T (Near-Infrared Transmittance) is anon-destructive 
test that gives reproducible results. At every sampling period, samples were analyzed for 
constituents using an Infratec 1229 Grain analyzer (NIR-T) in the ISU Grain Quality Lab. 
It is based on the principle of spectrophotometeric determination of samples constituents 
by measuring the amount of light transmitted through a sample at specific wavelengths in 
the near infrared region of the spectrum. 
9. Starch Gelatinization. Starch extracted from corn is a dry, usually white powder. It is 
insoluble in cold water, alcohol, and most organic solvents. When the granules are heated 
in a water suspension they bind water, swell, and lose their crystallinity, and the 
suspension becomes thicker until it forms a paste. This process is called starch 
gelatinization. The temperature at which starch gelatinizes is important to the industry, as 
the gelatinization temperature is important for determining the use of starch. A 
Differential Scanning Calorimeter was used to analyze the samples for gelatinization of 
starch. The procedure for using the Calorimeter is explained in Appendix C. 
10. Color Analysis. A Hunter colorimeter (Model D25L) was used for determining the 
change in color. The procedure for color analysis is described in Appendix D. The control 
samples were not tested for color analysis. The statistical analysis was not performed on 
the color analysis data. 
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Following are the three color measurements (Ferraris 2002) 
L denotes lightness or the intensity of the color (100 max) or darkness (0 perfect 
black). So the lower it is, the darker it is. 
' a' denotes green/red (-100 pure green, + 100 pure red) it stands for the amount of red 
versus green in the color. A positive `a' signifies red and a negative `a' signifies 
green. 
'b' denotes blue/yellow (-100 pure blue,+100 pure yellow) : It stands for the amount 
of blue versus yellow. The more positive `b' is, the more yellow it is. 
Statistical Analysis 
The SAS statistical analysis software (SAS Institute 1990) was used to analyze the 
data. A GLM (general linear model) procedure was followed and a randomized complete 
block design was used. Analysis of variance and comparisons among treatments were 
computed using the Statistical Analysis Software. Quality changes over time for all drying 
conditions (air temperature and moisture) were computed at the 5 %probability level. 
RESULTS AND DISCUSSION 
The results are shown graphically in the Figures 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 2.9, 2.10a, 
2.lOb, and 2.lOc. Data are shown in appendix A, Tables A1, A2, A3, A4, A5, A6, A7, and 
A8. The table values are means of three determinations. Statistical analysis is found in 
appendix G. 
1. Stress Crack Index: 
As shown in Figure 2.3, there were no significant differences in stress crack indeces 
for samples dried at 204C (400F) irrespective of the initial moisture content but the stress 
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crack indeces decreased with increased initial moisture content for samples dried at 
260C (500 F) and 316C (600 F). The samples at low moisture content (19%) and dried at 
high temperatures (316 and 260C) developed more stress cracks than did high moisture 
samples (27%) dried at high temperatures (316 and 260C). 
Somchart et al. (1997b) also showed that the stress cracks increased with increased air 
temperature from 150 to 200C. Brown et al. (1979) also showed that stress cracks increased 
with increased drying temperature from 45 to 80C at constant moisture content. Kirleis et al. 
(1990) showed that the stress crack index decreased with increased temperature from 60 to 
93C for samples at constant moisture. 
2. Test Weight: 
As shown in Figure 2.4 there were no significant changes in test weights with 
increased air temperature for samples at 19%moisture content except for the samples dried at 
316 C. The test weight decreased with an increase in air temperature for samples at 24 and 
27% moisture. Statistically the test weight values did not change with change in drying air 
temperature for all the samples. 
3. Breakage Susceptibility: 
As shown in Figure 2.5 breakage susceptibility increased with an increased initial 
moisture content at a constant temperature of 204C (400 F). There was not much difference 
in breakage susceptibility of samples dried at 260C (500 F) irrespective of initial moisture 
content. There was a considerable decrease in breakage susceptibility with an increase in 
initial moisture content of the samples when dried at 316C (600 F). There was no significant 
difference in breakage susceptibility of the control samples (sample dried with ambient air). 
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Somchart et al. (1997b) showed that the breakage susceptibility increased with 
increases in temperature (150 to 200C) and drying time (5 min to 30 min). Kirleis et al. 
(1990) showed that the breakage susceptibility increased with increasing temperature from 
60 to 93C for samples at constant moisture. 
4. Estimated Starch Recovery &Extractable Starch: 
Estimated Starch recovery decreased with increasing in moisture content at the same 
air temperature (Fig 2.6.) The results in the Figure 2.6 and Figure 2.7 are average of only 1 
repetition (rep 2). But, as we compare the results to the extractable starch (Figure 2.7) values 
we see that the average values of the starch that could be possibly extracted is slightly more 
than the actual values of the extracted starch. There was no apparent temperature effect on 
amount of starch recovery as the average starch recovered for samples dried at different air 
temperatures was the same. 
As shown in Figure 2.8 there is no significant decrease (less than 2°/a) in extractable 
starch values with increase in temperature from 24C to 316C except for samples at 24% 
moisture. Each point in Figure 2.8 is average of 3 reps. Statistically there was a change in 
extractable starch values with change in drying air temperature for the samples that were at 
24% initial moisture content. 
Brown et al. 1981 showed that the suitability of corn for wet milling decreased with 
increase in drying air temperature from 21 C to 100C regardless of moisture content. He 
recommended the drying temperature to not to exceed 60C for maintaining the millability of 
corn. Mistry et al (1993) showed that corn samples dried at high temperature and high 
humidity (71 C and 70% relative humidity) showed no significant differences from the 
ambient-dried samples in wet milling characteristics. The samples dried at 93C and 1% 
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relative humidity had lower starch recoveries than samples dried at 93C and 80% 
relative humidity. So he concluded that the starch recovery decreased with decreases in 
relative humidity. Wight (1981) showed that the starch recovery decreased with increases in 
drying air temperature from 30 to 100C for samples at 30% moisture. 
S . Damage Kernel Total 
From Figure 2.9 mean DKT (damage kernel total) values increased with increased 
initial moisture content at constant air temperature. Also for samples at 19% moisture the 
DKT values remained the same irrespective of drying air temperature. There was no 
significant change in DKT with increase in temperature for samples at constant moisture. 
None of this damage was attributed to heat damage due to drier by the grain inspectors. 
Statistically the DKT values did not change with change in drying air temperature for 
samples at same initial moisture content. Since there was no heat damage due to drier the 
increase in DKT values with increase in initial moisture of the samples can be attributed to 
higher mold growth at high moistures. 
6. Kernel Density: 
From Figure 2.10, kernel density decreased with increased temperature and initial 
moisture content. Samples dried at 204C had similar kernel densities as the samples dried 
with natural air. The decrease in kernel density was significant for samples dried at 260 and 
316C. Overall, there was not much change (less than 2%) in kernel density with in the 
samples. Statistically the kernel density of the samples did not change with change drying air 
temperature for samples at same moisture content. So we can say that the drying air 
temperature doesn't affect the kernel density significantly. 
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7. Color Analysis: 
From Figure 2.11 a, 'L' value decreased with increasing moisture content for the 
samples dried at 260 and 316C, but it increased for the samples dried at 204C. Statistically 
' L' values did change with increase in temperature from 204C to 316C for samples at 27% 
moisture content. From Figures 2.11 b and 2.11 c both 'a' and 'b' values decreased with 
increasing moisture content for samples dried at 2600 and 316C but increased for samples 
dried at 2040. L stands for the intensity of the color. It is on a scale from zero to 100. The 
lower it is, the darker it is. `a' stands for the amount of red versus green in the color. A 
positive `a' signifies red and a negative `a' signifies green. `b' stands for the amount of blue 
versus yellow. The more positive B is, the more yellow it is (Appendix-D). Samples dried at 
260C and 316C were darker than the samples dried at 204C, which suggests that there was 
more browning at higher temperatures. 
8. Starch Gelatinization: 
The samples were tested for starch gelatinization. There were no definite trends 
shown by the any of the samples. The starch gelatinizes between 60 to 80C as shown by the 
earlier studies (Bryon et al. 1987). But the samples tested under this study did not gelatinize 
and showed a very irregular pattern. So the results from the study were not indicative enough 
of any pattern. 
9. Grain Kernel Temperature: 
As shown in Figure 2.12 grain kernel temperature increased with increase in drying 
air temperature except for the samples at 24% initial moisture and dried at 260C air 
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temperature. There was not much difference grain kernel temperature for the samples 
dried at 316C irrespective of initial moisture content. 
CONCLUSIONS 
Following are the conclusions that we can make from this experiment. 
• High moisture (27%) samples develop less stress cracks and in turn have lower 
breakage susceptibility if dried at higher temperatures (260 to 316 C). So high- 
temperature drying enhances the quality of corn in terms of stress cracks and 
breakage susceptibility if initial moisture of the dried corn is high. Statistically 
there was no difference between breakage susceptibility and stress crack values 
for samples dried at higher temperatures (204 to 316C). 
• The test weight of the corn samples dried at higher temperatures (316C) is lower 
irrespective of initial moisture content. So high temperature drying is not suited in 
terms of test weight. 
• Though the extractable starch values or not affected much by the increase in 
temperature but the overall starch recovery for all the samples is quite less. Hence 
the tests need to be conducted at temperatures lower than 216C in order to record 
the temperature suitable for starch recovery. 
• High temperature drying doesn't have any significant effect on damage kernel 
total. As there was no heat damage attributed to high temperature drying by the 
grain inspectors 
• High temperature drying is not suited in terms of kernel density as it decreases at 
high air temperatures irrespective if initial moisture content of the sample. 
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• High temperature drying does have the effect on the color of the corn kernels 
as there was some browning of the corn kernels. 
• As a whole both extrinsic and intrinsic quality of corn deteriorates with high 
temperature (>200C) drying hence drying corn at high temperatures is dependent 
upon end use of corn. 
35 
REFERENCES 
A.ACC. 1983 Approved methods of AACC. American Association of Cereal Chemists. 8th 
Ed., Vol. I and Vol. II. St. Paul, MIST. 
AGCOM 2002 Grading standards and moisture conversion table for corn. 
http:!/~~u~w.agcom.purdue.edu/AgCom/Pubs/AY/AY-225.pdf (Accessed 29 
November 2002). 
ASAE 1997. Moisture measurement-unground grain and seeds. ASAE standards St. Joseph, 
MI 
Bilanski, W. K. 1966. Damage resistance of seed grains. Transactions of ASAE 9: 360-363. 
Brown, R.B., Fulford, G.N., Daynard, T.B., Meiering, A.G., Otten, L. (1981). Note the 
suitability of wet milling of corn exposed to high drying temperatures at different 
moisture contents. Cereal Chemistry 58: 75-76. 
Brown, R.B., G.N. Fulford, T.B. Daynard, A.G. Meiering, L. Otten, 1979. Effect of drying 
method on grain corn quality. Cereal Chemistry 56: 529-532. 
Dickey john 2002. Performance setup and operation of GAC2100. 
http:l/www.dickey-john.com/Analytical Products/GAC2100.htm (Accessed November 29 
2002). 
Eckhoff, S.R., Singh, S.K., Zehr, B.E., Rausch, K.D., Fox, E.J., Mistry, A.K, Haken, 
A.E.,Niu, Y.X., Zou, S.H., Buriak,P., Tumbleson, M.E., and Keeling, P.L. 1996. A 
100-g laboratory corn wet milling procedure. Cereal Chem 73: 54-57. 
Ferraris, P, J. A dummy's instructions for hunter lab spectrocolorimeter. 
http://utdallas.edu/~dhurjati/new/hu~lter/hunter.htnl (Accessed July 9 2002). 
36 
Gunasekaran, S., Paulsen, M.R. 1985. Breakage resistance of corn as function of drying 
rates. Transactions of ASAE 28: 2071-2076. 
Hellevang, K. J. 1994. Grain drying -Energy, quality, fire, moisture and fans -maintaining 
quality during drying. North Dakota State University Extension Service. Internet-site: 
http://`~~~~uT.ext.nodak.edu/extpubs/plantsci/smgrains/ae701-3.11tm (Accessed 9 July 
2002). 
Hellevang, K. J., W. F. Wilcke. Maintaining corn quality for wet milling. North Dakota State 
University Extension Service. Internet-site: 
lzttp://~uw~v.ext.nodak.edu/extpubs/plantsci/roWcrops/ae1119W.htm (Accessed 23 July 
2002). 
Herter, U., J.S. Burris, 1989. Effect of drying rate and temperature on drying injury of corn 
seed. Canadian Journal of Plant Science 69: 763-774. 
Kays, W. M., 1966. Convective heat and mass transfer. Mc-craw-Hill, Inc. 3 S 7-3 S 8. 
Lyon, H.J., Schmitt, S.G., Bern, C.J., Hurburgh, C.R. Characteristics of a modified 
Wisconsin breakage tester. Transactions of ASAE 31: 1860-1862. 
Mckenzie, B. A., G. H. Foster, and S.S. DeForest, 1980. Dryeration and bin cooling systems 
for grain. AE-107. Cooperative Extension Service -.Purdue University. Internet site: 
http://w«~~~.agcom.purdue.cdu/AgCom/Pubs/AE/AE-107.html (Accessed 10 July 
2002). 
Meriam Instruments, 2001. Installation and instructions. Internet site: 
http://`~~WW.rneriam.co~n/PDFs/catalog.pdf. (Accessed 22 December 2002). 
37 
Mensah, J.K., Herum, F.L., Blaisdell J.L., Stevens, K.K. (1981). Effect of drying 
conditions on impact shear resistance of selected corn varieties. Transactions of 
ASAE 24: 1568-1572. 
NASS, 2002. Crop Production. National Agricultural Statistics Service. Internet-site: 
http://usda.mannlib.Cornell.edu/reports/nassr/field/pcp-bb/2002/crop0602.pdf 
Accessed 12 July 2002. 
Paulsen, M.R. 1983. Breakage susceptibility as a function of moisture content. ASAE Paper 
No. 83-3078. ASAE St. Joseph, MI 
Paulsen, M. R., Mbuvi, S.W., Haken, A.E., Ye, B., Stewart, R.K. 2003. Extractable starch as 
quality measurement of dried corn. Applied Engineering in Agriculture 19: 211-217. 
SAS Institute. 1990. SAS/STAY user's guide. SAS Institute, Inc. Cary, NC. 
Shedd, C.K., 1954. Measuring air flow with perforated metal sheet. Agricultural Engineering 
32: 420. 
Somchart, S., Anan, P. and Somkiat, P. 1997a. Drying characteristics of corn in fluidized bed 
dryer. Drying Technology 1 S : 1603-1611. 
Somchart, S., Anan, P. and Somkiat, P. 1997b. Corn quality after drying by fluidization 
technique at high temperature. Drying Technology 15: 2577-2586. 
Thompson, R. A., and Foster, G.H. 1963. Stress cracks and breakage in artificially dried 
corn. Marketing research report No. 631. USDA, Washington, D.C. 
Uhrig, J.W. 1968. Economic losses of damaged grain. ASAE Grain Damage Symposium. 
Agricultural Engineering Department, Iowa State University, Ames Iowa. 
USDA, 1996. United States standards for corn. 
38 
«Tw~~r.usda.gov/reference-library/standards/$1 Ocorn.pdf. (Accessed November l 8, 2002}. 
USDA, 2002. Iowa Corn -related links -government -Iowa Agricultural Statistics Service. 
Internet-site: http://«~`~Twj.nass.usda.gov/iaJ (Accessed S July 2002}. 
Vonjovich, C., Anderson, R.A., and Griffin E. L., Jr.1975. Wet-milling properties of 
corn after field shelling and artificial drying. Cereals Foods World 20: 333-361. 
Weller, C.L., Paulsen, M.R., Steinberg, M.P.1988. Correlation of starch recovery with 
assorted quality factors of four corn hybrids. Cereal Chemistry 65: 392-397. 
White, G. M., I.J. Ross C.G. Poneleit. 1982. Stress crack development in popcorn as 
influenced by drying and rehydration process. Transactions of ASAE 25: 768-772. 
Wight, A.W. 1981. Changes in properties of some maize cultivars associated with artificial 
drying at elevated temperatures. Starch 33:122-124. 
39 
Recommendations for Future Research 
The following suggestions should be considered in further studies: 
1. Performing tests on different corn varieties should be considered. 
2. Variation in airflow should be considered instead of keeping it constant for all the tests. 
3. Automation of tray circulation should also be considered in order to avoid the human 
error. 
4. The air temperature, air flow etc measurements can be made more accurate by adding 
data acquisition and control system if the dryer is to be tested on large scale. 
5. Lower air temperature values should be considered for the further tests. 
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Figure 2.3: Stress crack index vs initial moisture content 
25 26 27 28 
Note: 
1) Each point on the graph is the average of 3 reps 
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Figure2.4: Test weight vs air temperature 
Note: 
1) Each point on the graph is the average of 3 reps 
2) Value of LSD (0.05) for comparing temperature means at each moisture content is 34.98 
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Moisture Content (wb) 
Figure 2. S . Stein breakage susceptibility vs initial moisture content 
Note: 
1) Each point on the graph is the average of 3 reps 
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Figure 2.6: Starch recovery vs initial moisture content 
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1) Each point on the graph is the average of 1 reps 
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Figure 2.8: Extractable starch vs initial moisture content 
25 27 
Note: 
1) Each point on the graph is the average of 3 reps 
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1) Each point on the graph is the average of 3 reps 
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Figure 2.10: Kernel density vs initial moisture content 
26 27 28 
Note: 
1) Each point on the graph is the average of 3 reps 
2) Value of LSD (0.05) for comparing temperature means at each moisture content is 0.039 
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Initial Moisture content, 
Figure 2.11 a Color 'L' vs initial moisture content 
25 26 27 
Note: 
1) Each point on the graph is the average of 3 reps 
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Figure 2. l lb Color 'a' vs initial moisture content 
26 27 28 
Note: 
1) Each point on the graph is the average of 3 reps 
2) Value of LSD (0.05) for comparing temperature means at each moisture content is 8.90 
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Figure 2.11 c: Color 'b' vs initial moisture content 
Note: 
1) Each point on the graph is the average of 3 reps 
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Figure 2.12: Average kernel temperature vs initial moisture content 
Note: Each point on the graph is average of 1 rep 
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Table 2.1: Experimental design 











1* 2 3 
T2 
260 
4 5 6 
T3 
316 
7 8 9 
* The numbers correspond to the treatments. For example 2 means the corn sample at 24% 
moisture subjected to 204C (400F). 
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CHAPTER 3. GENERAL CONCLUSIONS 
The objective of this research was to investigate the effects of high temperature air on 
corn quality in order to facilitate the development of commercial high temperature dryer used 
for drying corn with efficient energy use. 
Following conclusions can be drawn from the study: 
• High moisture (27%) samples develop less stress cracks and in turn have lower 
breakage susceptibility if dried at higher temperatures (260 to 316 C). So high- 
temperature drying enhances the quality of corn in terms of stress cracks and 
breakage susceptibility if initial moisture of the dried corn is high. Statistically 
there was no difference between breakage susceptibility and stress crack values 
for samples dried at higher temperatures (204 to 316C). 
• The test weight of the corn samples dried at higher temperatures (316C) is lower 
irrespective of initial moisture content. So high temperature drying is not suited in 
terms of test weight. 
• Though the extractable starch values or not affected much by the increase in 
temperature but the overall starch recovery for all the samples is quite less. Hence 
the tests need to be conducted at temperatures lower than 216C in order to record 
the temperature suitable for starch recovery. 
• High temperature drying doesn't have any significant effect on damage kernel 
total. As there was no heat damage attributed to high temperature drying by the 
grain inspectors 
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• High temperature drying is not suited in terms of kernel density as it 
decreases at high air temperatures irrespective if initial moisture content of the 
sample. 
• High temperature drying does have the effect on the color of the corn kernels as 
there was some browning of the corn kernels. 
• As a whole both extrinsic and intrinsic quality of corn deteriorates with high 
temperature (>200C) drying hence drying corn at high temperatures is dependent 
upon end use of corn. 
As a whole the results showed that the with increase in moisture content at same drying 
air temperature the physical properties of the corn sample improved but the intrinsic 
properties deteriorated with increase in moisture and the temperature. So it is difficult to say 
that the overall quality of the sample improved. 
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APPENDIX A: R.A.W DATA 


















R-1-1 27.82 27.78 204 400 19.40 14.70 
R-1-2 36.35 36.26 204 400 24.20 14.40 
R-1-3 43.94 43.65 204 400 26.80 13.43 
R-1-4 8.98 9.11 260 500 19.20 16.23 
R-1-5 48.30 48.13 260 500 24.20 14.00 
R-1-6 37.50 37.43 260 500 26.40 14.53 
R-1-7 36.04 _ 35.64 316 600 19.20 12.97 
R-1-8 7.93 8.10 316 600 24.60 17.80 
R-1-9 11.79 11.86 316 600 26.80 15.53 
R-2-1 10.70 10.86 204 _ 400 19.20 16.70 
R-2-2 17.30 17.43 204 400 24.00 16.20 
R-2-3 51.54 51.45 
~ 
204 400 27.10 14.40 
R-2-4 14.69 14.65 260 500 19.20 14.70 
R-2-5 6.11 6.28 260 500 24.10 17.17 
R-2-6 4.03 4.18 260 
_ 
500 26.80 16.63 
R-2-7 31.20 30.68 316 600 19.20 12.53 
R-2-8 3.73 3.90 316 600 24.00 17.67 
R-2-9 4.47 4.64 316 600 27.10 17.17 
R-3-1 11.53 11.46 204 400 19.50 14.53 
R-3-2 14.60 ~ 14.77 204 400 24.20 17.67 
R-3-3 14.86 14.98 204 400 27.20 16.13 
R-3-4 29.20 28.54 260 500 19.80 12.03 
R-3-5 6.21 6.20 260 500 24.40 14.93 
R-3-6 4.57 4.74 260 500 26.80 17.40 
R-3-7 44.79 43.79 316 600 19.20 11.03 
R-3-8 6.41 5.90 316 600 24.20 12.57 
R-3-9 7.96 _ . 7.80 316 600 27.20 14.03 
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R-123-1 16.68 16.72 204 400 19.37 15.31 
R-123-2 22.75 22.87 204 400 24.13 16.09 
R-123-3 36.78 36.73 
_ 
204 400 27.03 
_ 
14.66 
R-123-4 17.62 17.52 260 500 19.40 14.32 





260 500 26.67 16.19 
R-123-7 37.34 36.73 316 600 19.20 12.18 
R-123-8 6.02 6.14 316 600 24.27 16.01 
R-123-9 8.07 8.14 316 600 27.03 15.58 
Control 19 15.45 15.60 24 75 19.40 16.57 
Control 24 19.60 19.75 24 75 24.24 18.43 
Control 27 18.54 1.8.71 24 76 27.10 18.00 
* R stands for repetition for example: R-1-3 means repetition one treatment 3, R-123-4 
means average of treatment 4 for all the three repetitions 
59 















Avg % w/ 
0 crack 
Avg % w/ 
1 crack 
Avg % w/ 
2 crack 








R-1-1 204 400 19.4 100 45.33 12 23 20 55.00 181.00 
R-1-2 204 400 24.2 100.67 32.49 13.2 21.2 33.1 67.50 242.30 
R-1-3 204 400 26.8 100 63.33 8.3 16 12.3 36.60 117.80 
R-1-4 260 500 19.2 100.33 35.20 10.3 25.9 _ 28.6 64.80 231.00 
R-1-5 260 500 
_ 
24.2 100 47.33 10 19.7 23 52.70 184.10 
R-1-6 260 500 26.4 100 50.33 10.3 18.7 20.7 49.70 169.90 
R-1-7 316 600 19.2 100 58.67 8.7 12.7 24.7 46.10 170.30 
R-1-8 316 600 24.6 100 71 7.7 13.7 7.7 29.10 87.30 
R-1-9 316 600 26.8 100 76.67 7.7 10.3 5.3 23.30 65.10 
R-2-1 204 400 19.2 100.67 74.47 6.9 17.4 4.3 28.60 80.60 
R-2-2 204 400 24 97 51.55 8.9 28.2 11.3 48.40 150.00 
R-2-3 204 400 27.1 101.33 34.87 9.9 25.3 30 65.20 235.80 
R-2-4 260 500 19.2 102.33 64.19 9.1 18.6 8.1 35.80 105.40 
R-2-5 260 500 24.1 103 69.59 11.7 10.7 8.1 30.50 84.30 
R-2-6 260 500 26.8 101.67 82.29 14.4 2 1.3 17.70 26.90 
R-2-7 316 600 19.2 100 53.68 9.3 18.7 18.3 46.30 156.90 
R-2-8 316 600 24 94 70.21 10.3 12.4 7.1 29.80 83.00 
R-2-9 316 600 27.1 97.33 67.5 9.9 16.1 6.5 32.50 90.70 r 
R-3-1 204 400 19.5 102.33 53.72 
r 
9.1 29.3 14.7 53.10 170.50 
R-3-2 204 400 24.2 99.33 84.96 
rt
11.7 10.7 4.4 26.80 65.80 
R-3-3 204 400 27.2 99.33 84.93 11 10.4 4.7 26.10 65.70 
R-3-4 260 500 19.8 100 54.64 6 27.1 18.3 51.40 178.80 
R-3-5 260 500 24.4 102 83.06 11.8 12.7 4.3 28.80 71.40 
R-3-6 260 500 26.8 103 96.44 15.9 1.3 2.3 19.50 31.30 
R-3-7 316 600 19.2 102 ~ 49.75 6.2 21.2 29.1 56.50 215.30 
R-3-8 316 600 _ 24.2 101 _ 70.28 8.9 20.9 8.9 38.70 116.10 
R-3-9 316 600 27.2 103 89.34 
r
4.5 4.2 1.9 10.60 26.60 
R-123-1 204 400 19.37 101.00 57.84 9.33 23.23 13.00 45.57 144.03 
R-123-2 204 400 24.13 99.00 56.33 11.27 20.03 16.27 47.57 152.70 
R-123-3 204 400 27.03 100.22 61.04 9.73 17.23 15.67 42.63 139.77 
R-123-4 260 500 19.40 100.89 51.34 8.47 23.87 18.33 50.67 171.73 
R-123-5 260 500 24.23 101.67 66.66 11.17 14.37 11.80 37.33 113.27 
R-123-6 260 500 26.67 101.56 76.35 13.53 
r 
7.33 8.10 28.97 76.03 
R-123-7 316 600 19.20 100.67 54.03 
r
8.07 17.53 24.03 49.63 180.83 
R-123-8 316 600 24.27 98.33 70.50 8.97 15.67 7.90 32.53 95.47 
R-123-9 316 600 27.03 100.11 77.84 7.37 10.20 4.57 22.13 60.80 
~ontrol 19 24 75 19.4 101 64 8.45 17 11.55 37.00 117.20 
~ontrol24 24 75 24.2 100.24 71.4 10.2 15.4 3.24 28.84 72.60 
~ontrol27 24 _ 76 27.1 100.2 _ 75.40 _ 7.4 10.2 7.2 24.80 74.00 
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R-1-1 204 400 19.40 54.00 695.52 
R-1-2 204 400 24.20 51.20 659.46 
R-1-3 204 400 26.80 53.50 689.08 
R-1-4 260 500 19.20 54.40 700.67 
R-1-5 260 500 24.20 49.80 641.42 
R-1-6 260 500 26.40 50.90 655.59 
R-1-7 316 600 19.20 50.50 650.44 
R-1-8 316 600 24.60 48.90 629.83 
R-1-9 316 . 600 26.80 48.60 625.97 
R-2-1 204 400 19.20 54.40 700.67 
R-2-2 204 400 24.00 
r 
50.90 655.59 
R-2-3 204 400 27.10 51.80 667.18 
R-2-4 260 500 19.20 52.10 671.05 
R-2-5 260 500 24.10 50.20 646.58 
R-2-6 260 500 26,80 49.20 633.70 
R-2-7 316 600 19.20 50.40 649.15 
R-2-8 316 600 24.00 51.20 659.46 
R-2-9 316 600 27.1 p 52.30 673.62 
R-3-1 204 400 19.50 49.30 634.98 
R-3-2 204 400 24,20 53.50 689.08 
R-3-3 204 400 27,20 51.80 667.18 
R-3-4 260 500 19.80 51.50 663.32 
R-3-5 260 500 24.40 49.80 641.42 
R-3-6 260 500 26,80 50.80 654.30 
R-3-7 316 600 19,20 49.30 634.98 
R-3-8 316 600 24,20 47.60 613.09 
R-3-9 316 600 27,20 49.80 641.42 
R-123-1 204 400 19,37 52.57 677.06 
R-123-2 204 400 24.13 51.87 668.04 
R-123-3 204 400 27.03 52.37 674.48 
R-123-4 260 500 19.40 52.67 678.35 
R-123-5 260 500 24.23 49.93 643.14 
R-123-6 260 500 26,67 50.30 647.86 
R-123-7 316 600 19.20 50.07 644,86 
R-123-8 316 600 24.27 49.23 634.13 
R-123-9 316 600 27.03 50.23 647.01 
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Control l9 75 24 19.2 71.1 66.35 93.32 
Control 24 75 24 24 71.6 63.15 88.20 
Control 27 75 24 27.1 71.2 67.15 94.31 
R-2-1 400 204 19.20 70.60 66.30 93.91 
R-2-4 500 260 19.20 70.70 63.65 90.03 
R-2-7 600 316 19.20 71.50 57.65 80.63 
R-2-2 400 204 24.00 71.30 64.95 91.09 
R-2-5 500 260 24.10 70.20 59.25 84.40 
R-2-8 600 316 24.00 70.60 61.70 87.39 
R-2-3 400 204 27.10 71.20 64.00 89.89 
R-2-6 500 260 26.80 70.50 54.45 77.23 
R-2-9 600 316 27.10 70.90 54.15 76.38 
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R-2-1 204 400 19.2 71.7 65.7 91.7 
R-2-2 204 400 24 73.7 65.7 89.2 
R-2-3 204 400 27.1 74.6 66.5 89.1 
R-2-4 260 500 19.2 73.3 65.4 89.3 
R-2-5 260 500 24.1 72.2 66.0 91.5 
R-2-6 260 500 26.8 73.2 65.7 89.8 
R-2-7 316 600 19.2 73.2 65.8 89.8 
R-2-8 316 600 24 ~ 72.8 65.6 90.1 
R-2-9 316 600 27.1 72.4 65.6 90.7 
Control 19% 24 75 19.2 73.5 66.2 90.2 
Control 24% 24 75 24 70.6 67.8 96.0 
Control 27% 24 76 27.1 72.7 66.1 91.0 
R-2-1 204 400 19.2 71.7 65.7 91.7 
R-2-4 260 500 19.2 73.3 65.4 89.3 
R-2-7 316 600 19.2 73.2 65.8 89.8 
R-2-2 204 400 24 73.7 65.7 89.2 
R-2-5 260 500 24.1 72.2 66.0 91.5 
R-2-8 316 600 24 72.8 65.6 90.1 
R-2-3 204 400 27.1 74.6 66.5 89.1 
R-2-6 260 500 26.8 ~ 73.2 65.7 89.8 
R-2-9 316 600 27.1 72.4 65.6 90.7 
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R-1-1 204 400 19.4 14.5 3.3 
R-1-2 204 400 24.2 13.5 31.7 
R-1-3 204 400 26.8 12.1 36.1 
R-1-4 260 500 19.2 16.1 5.2 
R-1-5 260 500 24.2 13.1 92.3 
R-1-6 260 500 26.4 13.6 34.4 _ 
R-1-7 316 ~ 600 19.2 13.3 3.9 
R-1-8 316 600 24.6 17.1 31.9 0.1 
R-1-9 316 600 26.8 15.7 25.2 0.2 
R-2-1 204 400 19.2 16.6 8.3 
R-2-2 204 400 24 15.9 31.8 
R-2-3 204 400 
~. 
27.1 12.9 29 
R-2-4 260 500 19.2 14.6 7.4 
R-2-5 260 500 24.1 16.3 29.1 
R-2-6 260 500 26.8 17.4 28.6 0.2 
R-2-7 316 600 19.2 13.1 9.4 
R-2-8 316 600 24 18.8 32.5 
R-2-9 316 600 27.1 17.6 40.5 
R-3-1 204 400 19.5 15.3 4.8 0.1 
R-3-2 204 400 24.2 18.3 33.3 
R-3-3 204 400 27.2 19.1 39.7 
R-3-4 260 500 19.8 13.4 8.9 0.1 
R-3-5 260 500 24.4 17 28.2 0.2 
R-3-6 260 500 26.8 17 39 
R-3-7 316 600 19.2 12 7.7 0.2 
R-3-8 316 600 24.2 14 28 
R-3-9 316 600 27.2 15.7 26.1 
contro! 19 19 15.7 5 0.2 
control 24 24.00 15 33 0.2 
control 27 27.00 17.6 35.6 0.2 
R-123-1 204.44 400.00 19.37 15.47 5.47 
R-123-2 204.44 400.00 24.13 15.90 32.27 
R-123-3 204.44 400.00 27.03 14.70 34.93 
R-123-4 260.00 500.00 19.40 14.70 7.17 
R-123-5 260.00 500.00 24.23 15.47 49.87 
R-123-6 260.00 500.00 26.67 16.00 34.00 
R-123-7 315.56 600.00 19.20 12.80 7.00 
R-123-8 315.56 600.00 24.27 16.63 30.80 
R-123-9 315.56 600.00 27.03 ~ 16.33 30.60 
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Table A7: Color analysis data 
Sample ID L A B 
R-1-1 23.08 22.27 9.79 
R-1-2 14.71 14.5$ 7.50 
R-1-3 17.11 16.78 7.79 
R-1-4 14.46 13.43 3.87 
R-1-5 13.72 13.76 7.62 
R-1-6 21.40 21.55 10.81 
R-1-7 26.98 27.29 13.73 
R-1-8 31.40 30.49 11.37 
R-1-9 13.33 12.78 4.45 
R-2-1 20.61 19.95 7.98 
R-2-2 14.71 14.58 7.50 
R-2-3 19.05 19.01 9.85 
R-2-4 18.15 17.89 9.29 
R-2-5 9.72 9.33 3.98 
R-2-6 16.92 16.32 6.94 
R-2-7 27.68 26,59 11.36 
R-2-8 15.88 14.34 6.68 
R-2-9 18.45 17.65 6.88 
R-3-1 21.36 20.71 6.75 
R-3-2 16.31 15.54 6.18 
R-3-3 30.47 30.16 13.69 
R-3-4 27.07 27.25 15.06 
R-3-5 ~ 26.68 26.48 9.93 
R-3-6 16.92 16.60 7.79 
R-3-7 25.92 25.99 14.06 
R-3-8 19.79 19.51 9.50 
R-3-9 18.09 17.90 8.81 
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Control 19% 76 24 19.2 16.57 1.249 
Control 24% 74 23 24 18.43 1.232 
Control 27% 74 23 27.1 18.00 1.224 
Rep-1-1 400 204 19.4 14.70 1.256 
Rep-1-2 
_ 
400 204 24.2 14.40 1.207 
Rep-1-3 400 204 26.8 13.43 _ 1.242 
Rep-1-4 ~ 500 260 _ 19.2 16.23 1.238 
Rep-1-5 500 260 24.2 14.00 1.206 
Rep-1-6 
_ 
500 260 26.4 14.53 1.200 
Rep-1-7 600 316 19.2 12.97 1.253 
Rep-1-8 600 316 24.6 17.80 1.209 
Rep-1-9 600 316 26.8 15.53 1.221 
Rep-2-1 400 204 19.2 16.70 1.246 
Rep-2-2 400 204 24.0 16.20 1.241 
Rep-2-3 400 204 27.1 14.40 1.219 
Rep-2-4 500 260 19.2 14.70 1.220 
Rep-2-5 
~ 
500 . 260 24.1 17.17 1.246 
Rep-2-6 500 260 26.8 16.63 1.222 
Rep-2-7 600 316 19.2 12.53 1.204 
Rep-2-8 600 316 24.0 17.67 1.208 
Rep-2-9 600 316 27.1 17.17 1.231 
Rep-3-1 400 204 19.5 14.53 1.252 
Rep-3-2 400 204 24.2 17.67 1.256 
Rep-3-3 400 204 27.2 16.13 1.194 
Rep-3-4 500 260 19.8 12.03 1.251 
Rep-3-5 500 260 24.4 14.93 1.196 
Rep-3-6 500 260 26.8 17.40 1.213 
Rep-3-7 600 316 19.2 11.03 1.234 
Rep-3-8 600 316 24.2 12.57 1.238 
Rep-3-9 600 316 27.2 14.03 1.174 
R-123-1 400 204 19.4 15.31 1.251 
R-123-2 400 204 24.1 16.09 1.235 
R-123-3 400 204 27.0 14.66 1.218 
R-123-4 500 260 19.4 14.32 1.236 
R-123-5 500 260 24.2 15.37 1.216 
R-123-6 500 260 26.7 
r
16.19 1.212 
R-123-7 600 316 19.2 12.18 1.230 
R-123-8 600 316 24.3 16.01 1.218 
R-123-9 600 316 27.0 15.58 1.209 
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APPENDIX B: AIR FLOW CORRECTION FACTOR 
The velocity of air was kept at .762 m/s for all the experiments. The average 
diameter of the trays used in the experiment was 25.25 cm (approx.). The average area of the 
trays used was calculated to be 0.0502 m2. So the airflow was calculated to be 0.038123 m 3/s 
(80.79 ft3/min). The holes on the airflow measurement screen were of 0.187 in diameter and 
were placed in staggered design spaced 0.324 in on centers. The number of exposed holes 
that were open was 155. So the airflow per hole was calculated to be 0.000245 m 3/s (0.52 
cfm). From the Shedds curves (Shedd 1954) the corresponding pressure drop at airflow of 
0.000245 m 3/s was calculated. The viscosity of air changes with change in air temperature, 
which affects the actual airflow. Viscosity of air was calculated from the graphs showing the 
transport properties of fluids and gases (Kays 1966). So to calculate the actual pressure drop 
taking viscosity of air into account a correction factor was applied (Meriam 2002). The 
correction factor calculated was multiplied with the pressure drop to get the corrected value 
of pressure drop. The correct airflow was then computed from the shedd's curve at the 
corresponding corrected pressure drop. 
529.67  * 181.87
COR:.RECTION FACTOR = 459.67+ F µ g 
Where 
Example 
181.87 =Viscosity of air at 25C, micro poise. 
,ug =Viscosity of Air at flowing temperature, micro poise 
F =Temperature of the air, F 
Velocity = 150 ft/min Diameter ofTray = 25.25cm (9.94 in) 
Air Flow = 80.79 cfin Area ofTray = 0.5386 ft2
Air Flow/hole = 0.52 cfm No of holes = 155 
Pressure Drop =2.36 cm 0.93 in (from shedds curve) 
Air Temperature = 316C (600F) µ g = 202.37 micro poise (from Kays graph) 
Correction Factor = 0.4492 Corrected Pressure Drop = 1.04 cm (0.41 in) 
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APPENDIX C: DIFFERENTIAL SCANNING CALORIMETRY 
Theory 
• A paste of ground corn wetted to 66 %moisture is heated at constant rate (e.g. l OC / 
min) from 25C to 110C. 
• At or around 70C, the starch forms a gel (~ gelatnization) 
• The gelatinization process is endothermic (~ uses some energy) 
• The temperature curve develops a depression. 
Procedure 
a. Sample preparation 
i. Grind corn in a magic mill (either in Food Science building or in 
Davidson Hall. 
ii. Weigh an empty sample pan, to 5 decimals. 
111. Place 4 to 6 mg of corn flour sample of known moisture content in 
the capsule and record. 
iv. Wet the sample to 66 %moisture. 
v. Seal the sample and let it stand far at least 12 hours to stabilize. 
vi. Seal one empty pan as blank. 
b. Log on to: Seiko (no password) 
i. Turn on air at 4. S mL /min 
ii. Turn on DSC and cooling unit. 
111. Select `DSC measure' (File: Open device ~ wait few minutes) 
iv. Set `program' (ex. 2S -- 11OC ~~ 1OC /min & 110 — 2SC ~~ 20C / 
min) 
v. Set `sample conditions' (input sample weight, dry basis, and ID), ex 
5.51 mg, sample `Runlrepl', C;lUser/Seiko/Gaurav/R1R1 
vi. Place blank on left slot and sample on the right slot. 
vii. Then select Zero and run. .~ _.__ 
Vlll. Unit will run and alarm will sound when complete. 
ix. Click hh ld and then repeat procedure from `v' above. 
x. When all samples done, select `stop,.'. This will shut down unit. 
xl. Turn off the alr. 
c. To retrieve data 
i. Select DSC analysis 
ii. Select for peak temperature (Tp) 
iii. Move cursor to the Tp position and let go. It will give reading 
iv. Select for To, Tc and 0H 
v. Move the cursor to To and Tc positions and let go. It will give all 
reading and calculate 0H 
vi. NB. Positions are somewhat subjective. 
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APPENDIX D: COLOR ANALYSIS 
The color analysis was done by Hunter calorimeter (Hunter lab, 11491 Sunset 
Hills Road, Reston VA 20190-5280, Model Ultra Scan XE) at the department of food science 
in Dr. Wilson's food quality lab at Iowa State University. Following is the procedure for 
using the calorimeter. 
1. Getting started 
In the window screen, double click the icon universe. A message with the words 
"initializing screen" should appear. Once in the program, click on the "cal standardize" icon, 
which should be the farthest right icon, the tool bar. A message with the words "please place 
light trap at the reflectance point" should appear. Release the screw that you will find behind 
the plunger. Turn the plunger away so that it is out of the way. Place the light trap (the black 
cylinder) under the light source. Holding the light trap under the light source, click okay and 
wait until it beeps twice and a message appears with the words "please place white standard 
the at reflectance point". Return the plunger to its original position and screw it backs in. 
Place the white the on the plunger and click ok. Wait for 2 beeps until a message appears 
"sensor standardized". 
2. Setting the standard 
The standard will stay the standard for 4 hours. You can change the time by clicking 
the file icon and moving it down to preferences. Once in preferences, you can change the 
time. To read the standard, place the standard on the plunger. One can also use the plunger as 
the standard in which case; there is no need to put anything on the plunger. Click the read 
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standard icon on the tool bar and wait while it takes 5 readings of the standard. Click the 
accept icon on the top right hand corner of the screen that shows up. 
3. To read a sample 
Reading a sample is very simple. Place the sample under the light source at the 
reflectance point. Click the read sample icon and wait for the beeps. The colorimeter reads 
about 3 readings and gives you an average. Once you click "Accept" button, you are 
prompted to another dialogue box. Anytime you take a reading of an obj ect, a screen will 
show up requiring you to name it. It would be much more convenient to give it a self-
identifying name or a sample number. In the product box, a categorical name is required. It is 
a name given to all things that you want to be grouped together. Extra is optional. 
Description is a description of the sample and is also not necessary, but would be very 
helpful for later identification. 
4. What do all those graphs mean? 
3d spectral plot isn't really 3-d so it's very much like the 2-d spectral plot. 2-D 
spectral plot shows the amount of each color in the visible light spectrum being reflected. 
The trend plot shows the amount of color from each axis in a bar graph that makes it 
convenient to compare results. The color plot is also very neat in that it shows you where on 
the graph each color is as relative to another. It is also very good for comparing. 10*/D65 
shows the color that the computer reads. Spectral data is a chart that shows the intensity 
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versus wavelength in nanometers. Master color data shows the average 'L', 'a', 'b' and DE 
for each sample. 
5. What does L, a, b etc mean? 
L denotes lightness (100 max) or darkness (0 perfect black) 
a denotes green red (-100 pure green, +100 pure red) 
b denotes blue/yellow (-100 pure blue,+100 pure yellow) 
:. ￼ ~_ +b 
µ _ms- _ . 
L stands for the intensity of the color. It is on a scale from zero to 100. The lower it is, the 
darker it is. `a' stands for the amount of red versus green in the color. A positive `a' signifies 
red and a negative `a' signifies green. `b' stands for the amount of blue versus yellow. The 
more positive B is, the more yellow it is. 
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APPENDIX E: CORN WET MILLING PROCEDURE 
The wet-milling procedure is as follows. A single stage steeping process is used to 
steep 100 g of corn in 200mL of steep solution containing 0.2% of SOZ and 0.5% lactic acid. 
Static steeping is carried out for 48 hours at SOC. The steeped corn is then ground in a 1-L 
Waring Blender (Waring Product Division, New Hartford, CT) for 4 min at 60% speed. The 
ground slurry is then transferred to a 7-mesh screen fitted over the top of a 3.SL Waring 
Blender. Germ and the coarse fiber retained on the screen are dispersed and squeezed with a 
rubber spatula. The screen is transferred to a 10-L plastic bucket. This bucket is then placed 
in a sieve shaker for 5 minutes. For proper separation the germ and fiber should be dispersed 
occasionally with a spatula. The flow through the screen is transferred to the 3.5-L Waring 
Blender for fine grinding. The material left on the surface of the screen is washed into the 
Waring Blender with 250mL of distilled water. 
The screen containing germ and the coarse fiber is then placed on a 20cm diameter 
pie tray and dried in a forced air oven at SOC for 24 h. The remainder slurry is then grounded 
in Waring Blender at full speed for 2 minutes. The excess water from the slurry is decanted. 
Decanted water is used to wash the slurry with continuous dispersing using spatula. Slurry is 
then washed with distilled water. Starch and gluten separation is be done by using Eckhoff et 
al (1996) procedure. Starch is then allowed to dry on starch table for 24 h at room 
temperature. The air-dried starch table is weighed to give a wet starch weight. Starch is then 
scraped from the table into two tarred 250mL aluminum cups for moisture content 
determination. By knowing the moisture of the starch on the table and total wet weight of the 
starch, total dry weight of starch can be calculated. Gluten is dried air forced air oven at SOC 
for 24 h. 
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162 154 149 181 170 157 189 185 181 
167 154 153 185 160 156 172 193 175 
170 166 155 188 170 159 184 191 179 
174 168 155 189 162 161 183 193 182 
172 162 152 188 170 165 184 186 188 
174 162 152 182 168 155 189 190 192 
168 166 153 185 157 171 194 195 195 
170 162 151 181 148 170 185 187 200 
167 166 156 191 158 168 184 189 194 
168 164 156 182 158 164 201 194 198 
167 170 157 188 157 159 191 186 196 
165 169 158 185 166 160 193 194 204 
169 162 157 188 162 161 210 187 203 
170 161 156 191 168 161 194 199 200 
172 164 155 195 170 165 209 202 205 
174 168 157 193 174 167 212 202 194 
172 173 159 198 170 172 215 199 195 
178 178 159 203 174 172 212 199 199 
168 182 166 213 183 178 217 210 204 












170 167 156 191 167 166 197 194 194 
77 75 69 88 75 74 92 90 90 
19.20 24.00 27.1 19.2 24.1 26.8 19.2 24 27.1 
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APPENDIX G: STATISTICAL ANALYSIS 
The SAS System 





Number of observations 
Values 
1 2 3 
400 500 600 
l9 24 27 
27 
Breakage Susceptibility 






































































Pr > F 
0.1020 





















































































Pr > F 
0.2234 
Mean Square F Value Pr > F 
8354.23294 2.51 0.1129 
5811.33842 1.74 0.1983 
9076.33422 2.72 0.0959 
2150.52508 0.65 0.6932 
Standard 


























































Source DF Squares Mean Square F Value Pr > F 
Model 13 53.25185185 4.09629630 1.74 0.1459 
Error 16 37.63481481 2.35217593 









Source DF Type III SS Mean Square F Value Pr > F 
Rep 2 5.69851852 2.84925926 1.21 0.3237 
Air_Temp 3 29.28324074 9.76108025 4.15 0.0236 
Moist 2 4.76703704 2.38351852 1.01 0.3852 
Air_Temp*Moist 6 7.41488889 1.23581481 0.53 0.7810 
Test_Wt Standard 
Air_Temp LSMEAN Error Pr > ~t) 
75 52.1481481 0.9789249 <.0001 
400 52.2666667 0.5112268 <.0001 
500 50.9666667 0.5112268 <.0001 
600 49.8444444 0.5112268 <.0001 
Test_Wt Standard 
Moist LSMEAN Error Pr > ~t~ 
19 51.8537037 0.5521881 <.0001 
24 .50.7620370 0.5521881 <.0001 
27 51.3037037 0.5521881 <.0001 
Test_Wt Standard 
Air_Temp Moist LSMEAN Error Pr > ~t) 
75 19 52.1148148 1.5894688 <.0001 
75 24 52.0148148 1.5894688 <.0001 
75 27 52.3148148 1.5894688 <.0001 
400 19 52.5666667 0.8854709 <.0001 
400 24 51.8666667 0.8854709 <.0001 
400 27 52.3666667 0.8854709 <.0001 
500 19 52.6666667 0.8854709 <.0001 
500 24 49.9333333 0.8854709 <.0001 
500 27 50.3000000 0.8854709 <.0001 
600 19 50.0666667 0.8854709 <.0001 
600 24 49.2333333 0.8854709 <.0001 















































































Air_Temp Moist LSMEAN 
75 19 65.9333333 
75 24 67.5333333 
75 27 65.8333333 
400 19 65.7000000 
.400 24 65.6333333 
400 27 66.1000000 
500 19 65.4000000 
500 24 65.8000000 
500 27 66.2000000 
600 19 65.7666667 
600 24 65.7000000 






Pr > F 
0.0009 






















Source DF Squares Mean Square F Value 
Model 13 6551.023000 503.924846 2.84 
Error 16 2842.166667 177.635417 









Pr > F 
0.0255 
Source DF Type III SS Mean Square F Value Pr > F 
Rep 2 169.646667 84.823333 0.48 0.6289 
Air_Temp 3 341.108889 113.702963 0.64 0.6002 
Moist 2 4506.763333 2253.381667 12.69 0.0005 
Air_Temp*Moist 6 445.242444 74.207074 0.42 0.8565 
Standard 
Air_Temp DKT LSMEAN Error Pr > (t) 
75 20.9888889 8.5070550 0.0253 
400 24.2222222 4.4426646 <.0001 
500 30.3444444 4.4426646 <.0001 
600 22.8000000 4.4426646 0.0001 
Standard 
Moist DKT LSMEAN Error Pr > ~t~ 
19 5.2722222 4.7986262 0.2882 
24 35.5972222 4.7986262 <.0001 
27 32.8972222 4.7986262 <.0001 
Standard 
Air_Temp Moist DKT LSMEAN Error Pr > ~t) 
75 19 1.4555556 13.8128055 0.9174 
75 24 29.4555556 13.8128055 0.0488 
75 27 32.0555556 13.8128055 0.0338 
400 19 5.4666667 7.6949208 0.4877 
400 24 32.2666667 7.6949208 0.0007 
400 27 34.9333333 . 7.6949208 0.0003 
500 19 7.1666667 7.6949208 0.3655 
500 24 49.8666667 7.6949208 <.0001 
500 27 34.0000000 7.6949208 0.0004 
600 19 7.0000000 7.6949208 0.3765 
600 24 30.8000000 7.6949208 0.0010 












































Pr > F 
0.6543 
Mean Square F Value Pr > F 
0.00002670 0.05 0.9494 
0.00049492 0.97 0.4327 
0.00139257 2.72 0.0963 
0.00002971 0.06 0.9990 
Standard 


















Air_Temp Moist LSMEAN Error Pr > (t~ 
75 19 1.24829630 0.02345326 <.0001 
75 24 1.23129630 0.02345326 <.0001 
75 27 1.22329630 0.02345326 <.0001 
400 19 1.25133333 0.01306548 <.0001 
400 24 1.23466667 0.01306548 <.0001 
400 27 1.21833333 0.01306548 <.0001 
500 19 1.23633333 0.01306548 <.0001 
500 24 1.21600000 0.01306548 <.0001 
500 27 1.21166667 0.01306548 <.0001 
600 19 1.23033333 0.01306548 <.0001 
600 24 1.21833333 0.01306548 <.0001 











R-Square Coef f Var 
0.586837 24.74277 







Source DF Type III SS 
Rep 2 97.8107556 
Air_Temp 3 142.5277556 
Moist 2 64.9520333 



















Pr > F 
0.1443 
Mean Square F Value Pr > F 
48.9053778 1.89 0.1834 
47.5092519 1.84 0.1814 
32.4760167 1.25 0.3118 
42.5552441 1.64 0.1992 
Standard 











Air_Temp Moist LSMEAN 
75 19 25.0622222 
75 24 32.8822222 
75 27 20.2522222 
400 19 21.6833333 
400 24 15.2433333 
400 27 22.2100000 
500 19 19.8933333 
500 24 16.7066667 
500 27 18.4133333 
600 19 26.8600000 
600 24 22.3566667 


























































Pr > F 
0.2180 
Source DF T~rpe III SS Mean Square F Value Pr > F 
Rep 2 26.52602222 13.26301111 1.91 0.1805 
Air_Temp 3 12.20197778 4.06732593 0.59 0.6333 
Moist 2 12.00363333 6.00181667 0.86 0.4403 




























Air_Temp Moist LSMEAN 
75 19 9.7900000 
75 24 12.6700000 
75 27 7.9000000 
400 19 8.1733333 
400 24 7.0600000 
400 27 10.4433333 
500 19 9.4066667 
500 24 7.1766667 
500 27 8.5133333 
600 19 13.0500000 
600 24 9.1833333 













































Source DF Type III SS 
Rep 2 111.7447185 
Air_Temp 3 103.2461657 
Moist 2 103.0121037 



















Pr > F 
0 .1992 
Mean Square F Value Pr > F 
55.8723593 2.11 0.1535 
34.4153886 1.30 0.3085 
51.5060519 1.95 0.1751 
29.6634548 1.12 0.3935 
Standard 















Air_Temp Moist LSMEAN 
75 19 16.2281481 
75 24 10.2081481 
75 27 17.8481481 
400 19 20.9766667 
400 24 14.9000000 
400 27 21.9833333 
500 19 19.5233333 
500 24 16.5233333 
500 27 18.1566667 
600 19 26.6233333 
600 24 21.4466667 





Error Pr > ~t~ 
5.3307500 
5.3307500 
5.3307500 
2.9696862 
2.9696862 
2.9696862 
2.9696862 
2.9696862 
2.9696862 
2.9696862 
2.9696862 
2.9696862 
0.0077 
0.0736 
0.0041 
<.0001 
0.0001 
<.0001 
<.0001 
<.0001 
<.0001 
<.0001 
<.0001 
<.0001 
